ABSTRACT The low-temperature 800-nm band absorption and circular dichroism spectra of the bacteriochlorophyll (Bchl) a-protein from Prosthecochloris aestuarii strain 2K are analyzed theoretically. These spectra show considerable structure that is attributed primarily to resonance (exciton) interactions among the lowest singlet transitions of the Bchl a molecules contained in each protein. We calculate these spectra from the known arrangement of the Bchl molecules in the protein. With the conventional assignment of the lowest singlet transition of Bchl a as Qy (y-polarized), agreement of calculated spectra with experiment is poor. All of our attempts, based on this conventional assignment, to improve the theoretical fits to absorption and circular dichroism spectra simultaneously are unsuccessful. However, by making the simple but unconventional assumption that the lowest singlet transition in each of the Bchl a molecules in each protein is x-polarized rather than y-polarized, we find good agreement between calculated and observed spectra. If these results are not fortuitous, they indicate that there is a systematic error in the protein structural model, that the conventional assignments of Bchl a transitions are incorrect, or that the protein environment provides a sufficiently strong perturbation to rotate the lowest singlet transition moment direction by a90, presumably by changing the order of certain of the Bchl a orbitals.
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The bacteriochlorophyll (Bchl) a-protein complex (1) from the green sulfur bacterium Prosthecochloris aestuarii strain 2K (2) is the only structure from a photosynthetic organism whose three-dimensional arrangement of chlorphylls is known (3) (4) (5) . Although the isolated protein is photochemically inert, it forms a part of photochemically active reaction center complexes derived from the same and related organisms (6) (7) (8) . Philipson and Sauer (9) were the first to analyze absorption and circular dichroism (CD) spectra of the Bchl a-protein in terms of resonance interactions (exciton interactions) among the electronic transitions of the Bchl molecules in the protein.
They studied the two longest wavelength bands of the protein spectrum, near 600 and 800 nm, respectively. It 12 A on the assumption that the overall widths of the protein absorption bands are due primarily to exciton interactions. On the basis of the known structure, one may now turn this around to say that observed and calculated exciton bandwidths agree (-450 cm-1 for the 800-nm band). Recently reported high-resolution absorption spectra of the Bchl aprotein at 5 K (13) further strengthen Philipson and Sauer's second argument.
In spite of the general acceptance of the exciton picture for the Bchl a-protein (4, 9, 14) , the detailed features of its lowtemperature absorption and CD spectra, particularly the longest wavelength band (near 800 nm), have not been explained in terms of its known structure. The Bchl a-protein is a trimer of three identical subunits (3, 4) . Each subunit consists of a folded 39,000 dalton polypeptide chain that wholly encloses seven molecules of Bchl a. The porphyrin rings of the seven Bchls are roughly coplanar, but there is no other obvious intrasubunit symmetry. According to molecular orbital theory (15) (19) of calculating aggregate optical spectra is its simplicity. The calculation has two parts. In the first part, one finds the eigenvalues and eigenvectors of the J matrix, a real symmetric M X M matrix in which M is the number of interacting molecular electronic excited states. The off-diagonal elements of this matrix are simply the intermolecular resonance energies and the diagonal terms are the individual transition energies in the absence of resonance interactions. In the second part of the calculation, the eigenvectors of this matrix are used along with the molecular electric transition dipoles to calculate an absorption intensity and a rotational strength for each of the M eigenvalues. The results of these calculations are a representation of aggregate optical absorption and CD spectra in the form of line spectra. In order to give these line spectra the appearance of actual spectra, it is usual to superimpose a smooth function on each line. The widths of these functions, usually gaussians, are then adjusted to fit experimental spectra.
The main deficiency of the matrix method is that it takes no account of band shapes of molecular transitions. In some cases this may lead to substantial error (11, 20) . Furthermore, in fitting line spectra to experiment, additional parameters that have no obvious physical interpretation are introduced (19) .
Optical Spectra of Molecular Aggregates from Degenerate-Ground-State (DGS) Theory. This method (11, 12, 20) of calculating optical spectra is a generalization of the matrix method and, to a large extent, overcomes the latter's deficiencies but at the expense of computing time. Computation of spectra by using the DGS theory requires the evaluation of an (M -1)-fold integral with a fairly complicated integrand. By using a Monte Carlo method we have been able to calculate spectra for the case of interest here, M = 7, within reasonable computer times. The input to the DGS calculation consists of the J matrix, the molecular electronic transition dipoles, and the optical absorption spectra associated with each of these uncoupled molecular transitions. The calculation then yields aggregate optical spectra that are continuous functions of energy and that are to be compared directly to experimental spectra. Information regarding band shapes of individual molecular transitions is incorporated into these spectra in an essentially correct way. This assertion is based on a number of observations, the most important of which are that the DGS theory gives correct results for both weak and strong coupling, that it satisfies a series of exact moment relations for arbitrary coupling strengths, and that it gives absorption spectra in excellent agreement with those from an exact calculation for a dimer whose monomers have a single vibrational progression (12, 20) . One property of the DGS theory that is especially interesting in the present context is its ability to give correctly the narrowing of spectral features that results from resonance interactions. Specifically, it has been shown that, for M identical molecular transitions interacting strongly, the ratio of the widths of features in the absorption spectrum to the width of the uncoupled transitions may be as small as M-1/2 (12) .
Computer Search Methods. In some of our studies, it was necessary to search the values of unknown parameters by computer. This was always done in two phases: a search that involved only line spectra, and a subsequent corroborative run with a program based on the DGS theory. For example, if parameters searched were the seven uncoupled Bchl singlet energies, the values found as the result of a search would be input to the DGS program as the seven diagonal values of the J matrix. The searches themselves were done with a program that simultaneously varies any number of parameters. Table 1 lists the QV exciton interaction energies for all pairs of Bchls in one subunit. Effects of intersubunit Bchl-Bchl exciton interactions, although not entirely negligible, are minor and are not considered here (see below). Fig. 1 left shows the line absorption spectrum calculated from the Qy exciton interaction energies in Table 1 by the matrix method. In this calculation the assumption is made that the unperturbed energy of the lowest excited singlet level of each Bchl molecule in a subunit is 12987 cm-1 above the ground state, corresponding to the 770-nm absorption peak ascribed to that level of Bchl a in ether solution (9) . Comparison of the line absorption spectrum with the experimental spectrum (13) also shown in Fig. 1 left shows that this exciton calculation gives approximately the right bandwidth. It also gives a bathochromic shift relative to the absorption of Bchl a in ether. However, the shift is too small by about a factor of 4. If one arbitrarily shifts the line spectrum and superimposes symmetric gaussians, other difficulties with this theoretical fit become evident (Fig. 1 right) . Use of the DGS theory rather than the matrix method does not noticeably impr6ve the fit (Fig. 2 upper) . Similar discrepancies occur in attempts to fit the 800-nm band CD spectrum (Fig. 2 lower) . The two negative CD peaks of large magnitude (9, 14) have been particularly difficult to fit.
RESULTS
We can summarize the theoretical difficulties as follows.
First, the experimental spectra display a fairly large batho- chromic shift relative to our calculated spectra (Fig. 1 left) . Second, the widths of individual features in the experimental spectra are very narrow. According to DGS theory, which correctly accounts for exciton narrowing of linewidths (12) , only part of this narrowing can be accounted for by exciton effects. For example, a Bchl a monomer absorption spectrum assumed to have a full-width of 170 cm-' gives the best fit to the protein absorption spectra shown in Figs. 2 and 3 , whose individual features are no more than 70 cm-' wide (at 5 K). In solution, on the other hand, the full-width of the Bchl a 770-nm band is -700 cm-' (9) . Third, and most important, there is very poor agreement between the relative positions and intensities of exciton features in our calculated spectra and those in the experimental spectra. In an attempt to account for these discrepancies we have considered a number of possible explanations.
Mistaken Chemical Identity. If the pigment in the protein were not in fact Bchl a, one might be able to account for some of these discrepancies. However, the identity of the pigment as Bchl a has been confirmed both in situ by the structural model of Fenna and Matthews (3-5) and as extracted pigment by absorption spectroscopy (21). Differential Environmental Shifts. One approach to the problem of improving the theoretical fits is based on the assumption that most of the bathochromic shift of the Bchl a absorption in the protein is due to the difference in local environments between ether solution and the interior of the protein, even though the large magnitude of this shift is quite outside the range of observed shifts of the chlorophyll QV transition energies in various polar and nonpolar solvents (22) §. If this hypothesis is correct, it is possible that there is a distinct shift for each Bchl rther than the same shift for all and that such differential shifts might also account for the other fitting difficulties. This leads to the idea of a computer search of the values of seven shifts and possibly other parameters as well. We undertook many such searches in which the values of up to 14 parameters were varied (see Theoretical Methods), both singly and in various combinations.
Our findings from all these searches are that, although good fits can be obtained to the absorption spectrum, no set of parametric values that produces such a fit simultaneously yields a good fit to the CD spectrum. In fact, we observed no good fit to CD, irrespective of the goodness of fit to absorption. Furthermore, we noticed some indication of anticorrelation: any parametric set we found that gives the two longest wavelength absorption peaks (at -815 and -825 nm) in roughly the right ratio also gives a longest wavelength CD peak of the wrong sign. Although one cannot conclude from our results that no set of parameters can be found that produces a simultaneous fit to the QV absorption and CD spectra of the Bchl a-protein, we were persuaded to look elsewhere for an explanation of the spectral fitting difficulties.
Transition (25) . Thus, we decided to consider the possibility that, although the theoretical symmetry argument (that the transitions are either x-or y-polarized) appears § We note the contrasting behaviors of the -00nm and -770-nm bands of Bchl a in organic solvents: the former can vary over a range of 30 nm or more depending on the relative polarity of the solvent, whereas the latter is constant to within -5 nm.
Proc. Natl. Acad. with two ad hoc parameters, superimposed on 5 K experimental data (solid curve). Both theory and experiment are plotted as molar extinction coefficients. The theoretical extinction was calculated from the same value of squared transition dipole strength, 52 D2, that was used to calculate the exciton interaction energies in Table 1 . Experimental extinction was determined from the absolute extinction at 300 K and the extinction relative to that at 5 K. The uncoupled Bchl absorption is taken to be a symmetric gaussian of full-width-at-halfmaximum equal to 167 cm-', and the overall bathochromic shift from the peak position of Bchl a in ether (770 nm) is 28.6 nm (465 cm-').
(Lower) DGS theory Qy CD spectrum (points), with two ad hoc parameters, superimposed on 77 K experimental data (solid curve Figs. 2 and 3 . In Fig. 2 the transition moments are all taken along the Bchl y axes as in Fig. 1 , and in Fig. 3 the moments are all along the Bchl x axes. The DGS fits shown in Fig. 3 bear much closer resemblances to the corresponding experimental spectra. The greatly improved simultaneous fits to the absorption and CD spectra that result from taking the 800-nm band transition to be x-polarized can already be discerned in outline from shifted line spectra, although we do not show these here. DGS theory 800-nm band, x-polarized CD spectrum (points), with two ad hoc parameters, superimposed on 77 K experimental data (solid curve). Conditions otherwise the same as in Fig. 2 lower, except that the bathochromic shift is taken to be 37.6 nm (605 cm-') and the squared transition dipole strength used in the calculation of exciton interaction energies is taken to be 46 D2.
Other Explanations. We mention here a number of other possible effects that we have considered. In our judgment, none of these effects is important enough to explain any of the gross spectral fitting difficulties, although some of them may affect finer details of fitting: (i) exciton interactions of Bchl molecules in separate subunits (4) The kind of error required in the protein structural model to account for our result is difficult to imagine. It would be necessary, for example, to suppose that in the protein (but not in solution) pyrrole rings I and III rather than II and IV are reduced, in effect rotating the "Bchl a" x-axis by 900. However, this would change the relative order of the alternating single and double bonds in the "Bchl a" conjugated macrocycle and consequently the orientations of the various side groups. It seems quite unlikely that such an altered structure could be reconciled with the Fenna-Matthews electron density map.
Can it be that the 800-nm band transition of the Bchl a in the protein is Qx? One possibility is that the prediction of molecular orbital theory that the lowest singlet transition in Bchl a is ypolarized (little tested experimentally) is simply incorrect for Bchl a under any circumstances. We believe this to be unlikely (15) . We must then consider the possibility that the theoretical prediction is incorrect specifically for Bchl a in the Bchl aprotein.
In order for this to be true, some standard assumption of molecular orbital theory that holds for Bchl a in organic solvents must be violated as a result of the interaction between the protein and the Bchl. There is, however, no precedent for such a perturbation of chlorophyll orbitals, so that at present this alternative, too, must be viewed as unlikely.
The experimental results we have analyzed in this study are not the only independent ones possible to obtain. It would be valuable to measure, for example, the absorption spectrum of linearly polarized light in the 800-nm band of the Bchl aprotein oriented in such a way that the axis of orientation is clearly identified (26) . This linear dichroism spectrum can be calculated in the same theoretical framework as were the theoretical absorption and CD spectra shown in Fig. 3 
